Ribosomal DNA (rDNA) sequences have been aligned and compared in a number of living organisms, and this approach has provided a wealth of information about phylogenetic relationships. Studies of rDNA sequences have been used to infer phylogenetic history across a very broad spectrum, from studies among the basal lineages of life to relationships among closely related species and populations. The reasons for the systematic versatility of rDNA include the numerous rates of evolution among different regions of rDNA (both among and within genes), the presence of many copies of most rDNA sequences pergenome, and the pattern of concerted evolution that occurs among repeated copies. Thesefeaturesfacilitate the analysis of rDNA by direct RNA sequencing, DNA sequencing (either by cloning or amplification), and restriction enzyme methodologies. Constraints imposed by secondary structure of rRNA and concerted evolution need to be considered inphylogenetic analyses, but these constraints do not appear to impede seriously the usefulness of rDNA.
INTRODUCTION
DURING THE PAST three-decades, the field of systematic biology has undergone several simultaneous revolutions. The three most significant changes have been in the development and refinement of systematic theory, the technical refinement of data analysis brought on by the development of computers, and the introduction of molecular analysis. Although molecular biology is not a panacea for systematics, molecular systematists can approach many problems pre- This review is concerned with the inference of phylogenetic relationships from interspecific comparison of rDNA sequences. Some properties of rDNA are so sufficiently distinct from other molecular sequences that a number of special considerations are necessary or desirable when considering the use of rDNA in systematic studies. In addition, we will review the range of systematic problems to which studies of rDNA have been applied. The processes of rDNA evolution have been reviewed elsewhere (Gerbi, 1985 (Gerbi, , 1986 , so these processes will be considered here only as they relate to phylogenetic inference.
ITS-
Several distinct rRNAs combine with ribosomal proteins to form ribosomes, the organelles that direct protein synthesis from messenger RNA. Ribosomes are composed of two major subunits, each with distinct rRNAs and ribosomal proteins. 
Rates of Evolution
One of the reasons why rDNA is useful for phylogenetic analysis is that different regions of the rDNA repeat unit evolve at very different rates. Thus regions of rDNA arrays that are particularly likely to yield informative data for almost any systematic question can be selected for analysis. In addition, the islands of highly conserved sequences within most rRNA genes are very useful for constructing "universal" primers that can be used for sequencing either rRNA or rDNA from many species, for amplifying regions of interest by use of the polymerase chain reaction, or for use as probes in restriction enzyme analyses ( The process of choosing a region that is likely to be appropriate for a particular systematic question is perhaps the most critical step in any phylogenetic analysis. If the region chosen is evolutionarily too conserved (i.e., the sequences are nearly the same in all study taxa), then considerable time will be wasted collecting invariant data. On the other hand, regions that differ among taxa to the extent that alignments are difficult or questionable also are unlikely to yield robust phylogenies (Swofford and Olsen, 1990). There are two reasons highly divergent sequences yield less robust results: (1) the level of homoplasy (parallelisms, convergences and reversals) increases as the probability for change at each position increases, and (2) the number of possible alignments that are nearly equally good becomes prohibitively large. Since alignment of positional homologs is an assumption of any phylogenetic analysis, it is best to delete from analyses any regions where the alignment is questionable (Swofford and Olsen, 1990).
Although there are no absolute rules, we have found that alignments are often ambiguous when paired sequences differ by more than about 30 percent in any given region. Therefore, regions of DNA that are best for phylogenetic studies are those that are greater than about 70 percent but less than 100 percent similar. We have aligned the complete sequences of the four nuclear rRNA genes and the two mitochondrial rRNA genes among a number of taxa of varying propinquity of relationship in order to identify the regions most useful for studies at a given level of divergence (Figs. 3-8 ). These figures can be used as a rough guide for choosing appropriate regions for phylogenetic analysis.
The most studied rRNA is the small subunit nuclear gene, 16-18S rRNA (Fig. 3) . This gene has been studied most extensively because it is among the slowest evolving sequences found throughout living organisms, and has therefore been very useful for examining ancient evolutionary events. In addition, the slow rate of change permits the construction of many nearly universal primers, which facilitates sequencing efforts from groups that have not been studied previously. As one can see from Figure 3 , aligned sequences of the small subunit gene provide relatively few variable sites even as far back as the divergence of mammals and amphibians, between 300 and 400 MYA. If the comparisons among mammals in Figure 3 are representative, this gene provides virtually no useful regions for comparisons involving taxa that diverged since the Cretaceous. Much of the gene is useful for comparisons among phyla of eukaryotes, however, and some comparisons among eukaryotes and prokaryotes are possible (Fig. 3) . It has been used most successfully for reconstructing phylogenetic events from the Precambrian (see the Appendix and below).
The large subunit (23-28S) nuclear rRNA gene is larger and shows more variation in rates of evolution of its different domains than does the small subunit (Fig. 4) (Fig. 4) . The 5.8S rRNA gene of eukaryotes (and the corresponding region of the large subunit gene of prokaryotes) is similar to the small subunit gene in its useful phylogenetic range ( The mitochondrial rRNA genes evolve much more rapidly than the nuclear rRNA genes, and they can be used for most Cenozoic comparisons (Figs. 7 and 8 (1983) showed that unequal crossing over probably is responsible for the coevolution of rRNA arrays on the X and Y chromosomes of Drosophila melanogaster, Coen, Thoday, and Dover (1982) argued that rates of unequal crossing over are insufficient to account for patterns of concerted evolution seen among closely related species of Drosophila. Lassner and Dvorak (1986) reported that the distribution of mutations within the subrepeats of the nontranscribed spacer support gene conversion as the operative mechanism of homogenization. Hillis, Moritz, Porter, and Baker (1991) studied triploid parthenogenetic lines of lizards formed through multiple hybridization events of two sexual species, designated as SM6 and CA6. Homogenization of the rDNA arrays always proceeded in the same direction, with fixation of SM6 rDNA on CA6 chromosomes, even if two of the three chromosomes bearing rRNA genes were of CA6 ancestry. They argued that these data were consistent with biased gene conversion as the operative mechanism; if unequal crossing over was responsible, then a mechanism must exist that consistently biases the unequal crossovers in favor of the SM6 genotype.
Whatever the mechanisms that account for the observed concerted evolution of rDNA arrays, the phenomenon has several effects on phylogenetic analyses. The ideal phylogenetic marker would evolve within species, but show little intraspecific variation compared to interspecific variation. For most single-copy genes, high levels of variation among species typically are accompanied by high variation within species, so that extensive sampling (among individuals and populations) is necessary to characterize a species. Among the rDNA genes, although intraspecific variation obviously occurs, it is greatly reduced compared to what would be expected based on observation of interspecific variation (because of concerted evolution). Thus, although some intraspecific sampling is still advisable in studies of closely related species, particularly studies involving the nontranscribed spacer (Williams et al., 1988) , it is possible to use small sample sizes in most phylogenetic studies of rDNA (Hillis and Davis, 1988; Baverstock and Moritz, 1990).
A second advantage of a homogenized, multiple-copy gene family is ease of analysis. Since rRNA is so abundant and uniform, it can be sequenced directly using reverse transcriptase (Lane, Pace, Olsen, Stahl, Sogin, and Pace, 1985) . Multiple copies and conserved restriction sites also aid in rapidly cloning rDNA repeats (Hillis and Dixon, 1989) or in amplifying regions of rDNA using the polymerase chain reaction (Medlin et al., 1988; Sogin, 1990 Given the number of unknowns associated with the processes responsible for concerted evolution of rDNA, some degree of caution probably is warranted in using rDNA for phylogenetic analysis (Rothschild et al., 1986) . Results of phylogenetic studies based on rDNA, however, are generally consistent with those based on other sources of data in studies that involve multiple comparisons (Hillis, 1987), so it is likely that methods of phylogenetic inference are sufficiently robust to effectively handle the complexities of rDNA evolution. As new information becomes available on the constraints of concerted evolution, this information can be incorporated into phylogenetic analyses (e.g., through differential weighting of characters) for potentially increased resolution (see Swofford and Olsen, 1990).
Secondary Structure
To function properly within a ribosome, rRNA molecules must fold into a secondary structure that is directly dependent on the primary sequence (Noller, 1984 result that was better resolved than that obtained from analysis of unpaired positions (Fig. 9) . Furthermore, the result from paired positions was identical to the result from the full data set, and also the same as the usually accepted tree from morphology. The percentage of phylogenetically informative characters that were paired positions is approximately the same as the percentage of paired positions in the total analysis ( , 1990 ). The primary advantages of this method are ease of analysis (no cloning is required) and the obtainment of consensus sequences (if several nucleotides are present at a given position in different copies of the target gene, the most common will likely be recorded). Only one strand can be sequenced, however, so two-strand verification is not possible, and analyses are limited to transcribed portions of the array. In addition, the lack of a cloned sequence means that further studies require newly isolated RNA, and differences between studies may be the result of either errors or differences in the source RNA.
The more traditional approach of cloning and sequencing rDNA eliminates the disadvantages of direct RNA sequencing at the expense of greater effort per nucleotide. Also, each sequence obtained represents a single repeat rather than a consensus of the whole array. The ease of cloning multiple copy genes such as the rRNA genes greatly reduces the relative difficulty of the cloning approach (Hillis and Dixon, 1989).
The third method of obtaining sequence data is amplification via the polymerase chain reaction, or PCR (Medlin et al., 1988; Sogin, 1990) . The amplified product can either be sequenced directly or cloned and then sequenced. This method is easily adaptable for comparative studies in which a particular region of one of the rRNA genes is to be targeted (see Fig. 1 
Large Subunit rRNA
The large subunit rRNA is the largest of the rRNAs, and contains regions that evolve more rapidly than the small subunit rRNA as well as some regions that evolve as slowly as those in the small subunit (Fig. 4) . Thus a large subunit rRNA sequence can be used successfully to infer phylogenetic relationships among more closely related organisms (within eukaryote phyla, for instance). Fewer comparative studies of this gene have been conducted than for the small subunit gene, but it is beginning to be studied fairly extensively among the vertebrates (Appendix). Most of these studies are in fairly close agreement with traditional ideas about vertebrate phylogeny, although some differences do exist. For instance, the relationships of salamanders supported by 28S sequences are vastly different from those supported by morphology ( 
5S and 5.8S rRNAs
The 5S and 5.8S rRNA genes are very short (Figs. 5 and 6 One might assume from seeing such a long list of studies that analysis of rDNA has become mundane, and that there are no more real questions about the processes of rDNA evolution, just considerable cataloging ahead. This assumption is incorrect. The processes responsible for concerted evolution of rDNA arrays (or other repeated sequences) are still poorly known or documented, and the complexities of patterns of self-similarity are just beginning to be evaluated. Much work needs to be conducted on the rationale of weighting positions based on considerations of secondary structure, within-gene homogenization, subrepeats within repeats, and probability of change. Moreover, the spacer regions have received much less attention than the gene sequences, so the usefulness of comparative studies of rDNA spacers for investigations of closely related species and populations needs further evaluation.
Studies of rDNA sequences have changed the way we view organismal diversity. They have had the greatest systematic impact to date at the deepest levels of the tree of life, and for groups in which morphologies provide little information (e. g., unicellular organisms). They are also useful, however, at most other levels of phylogenetic divergence, from the Precambrian (small subunit), through the Paleozoic and Mesozoic (large subunit), to the Cenozoic (organellar genes and spacers regions). Thus, rRNA genes and their associated spacers are among the most versatile sequences for phylogenetic analysis of the history of life. 
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